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Background: The aim of this study was to analyze the structural properties of the original MPFL and to compare it
to a MPFL-reconstruction-technique using a strip of quadriceps tendon.
Methods: In 13 human cadaver knees the MPFLs were dissected protecting their insertion at the patellar border.
TheMPFLwas loaded to failure after preconditioningwith 10 cycles in a uniaxial testingmachine evaluating stiff-
ness, yield load andmaximum load to failure. In the second part Quadriceps-MPFL-reconstructionwasperformed
and tested in a uniaxial testing machine. Following preconditioning, the constructs were cyclically loaded 1000
times between 5 and 50 N measuring the maximum elongation. After cyclic testing, the constructs have been
loaded to failure measuring stiffness, yield load and maximum load. For statistical analysis a repeated measures
(RM) one-way ANOVA for multiple comparisons was used. The signiﬁcance was set at P b 0.05.
Results:During the load to failure tests of the originalMPFL the following resultsweremeasured: stiffness 29.4N/
mm (+9.8), yield load 167.8 N (+80) and maximum load to failure 190.7 N (+82.8). The results in the QT-
technique group were as follows: maximum elongation after 1000 cycles 2.1 mm (+0.8), stiffness 33.6 N/mm
(+6.8), yield load 147.1 N (+65.1) and maximum load to failure 205 N (+77.8). There were no signiﬁcant dif-
ferences in all tested parameters.
Conclusions: In a human cadaveric model using a strip of quadriceps-tendon 10 mm wide and 3 mm deep, the
biomechanical properties match those of the original MPFL when tested as a reconstruction.
Clinical relevance: The tested QT-technique shows sufﬁcient primary stability with comparable biomechanical
parameters to the intact MPFL.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Recurrent dislocation of the patella as a sign of chronic patellar insta-
bility is a common diagnosis in young and active patients. Recently
reconstruction of the medial patellofemoral ligament (MPFL) (Fig. 1)
for the treatment of patellar instability has achieved increased attention
[1]. Systematic reviews have concluded that MPFL reconstruction in re-
current patellar dislocation is an adequate procedure with a favorable
outcome [2–4]. Several surgical techniques have been described. Most
of them use hamstring tendons as the graft of choice [5–16]. Despite
good clinical outcomes and small re-dislocation rates, some complica-
tions have been noticed [2–4,17–22]. Shah et al. [23] performed and- and Reconstructive Surgery,
yerstrasse 1, 48149 Muenster,
.
t).
. This is an open access article undersystematic reviewof complications and failures associatedwithMPFL re-
construction. The authors found complication rates as high as 26.1%. Typ-
ical complications following MPFL reconstruction are implant breakage,
patellar fractures through bone tunnels and loss of knee ﬂexion [18,
24–28]. A nonphysiologically tightened MPFL reconstruction can result
in loss of knee ﬂexion, increased patellofemoral joint pressure and
consequent high risk of chondral damage [25,27]. Besides positioning
of the MPFL at the femoral condyle and border of the patella, the
structural properties of the MPFL graft can signiﬁcantly inﬂuence the
patellofemoral joint pressure.
Currently, there is only very limited information available on the
biomechanical properties of the original MPFL [29,30]. A previous bio-
mechanical study investigated the biomechanical properties of various
hamstring reconstruction techniques and speculated that the stiffness
of these constructs might be much higher than the original MPFL [31].
There are a few reports onMPFL reconstruction using a strip of quad-
riceps tendonwithout anchors or bone tunnels in the patella [32–34]. Inthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Fig. 1. Dissected the MPFL in a human cadaveric knee.
Fig. 2.MPFL reconstruction technique with quadriceps tendon in a human cadaver. a. A ten-
don ﬂap (width 10 mm, thickness 3 mm) of the middle part of the quadriceps tendon was
harvested. b. The tendon strip was lifted off the patella bone for 1.5 cm, diverged 90° and
shuttled under the medial part of the quadriceps attachment and the vastus medialis.
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attachment to the patella intact. In the technique ofMacura and Veselko
a 3 mm quadriceps tendon strip is ﬂipped 90° underneath the medial
prepatellar tissue in order to allow better ﬁxation and improved healing
(Fig. 2) [24]. We have further advanced this technique using a minimal-
ly invasive approach and standardized graft harvest instrumentation
(Part 2). Regardless of the technicalmodiﬁcations the structural appear-
ance of the quadriceps tendon graft appears to mimic the original MPFL
more closely (Fig. 3).
The aim of this study was in the ﬁrst part to analyze the structural
properties of the original MPFL and to compare these results in the
second part to a MPFL reconstruction technique using a strip of quadri-
ceps tendon that remained attached to the proximal patellar pole.
We hypothesized that a quadriceps tendon reconstruction tech-
nique closely resembles the structural properties of an intact MPFL
and shows no signiﬁcant differences of structural properties in compar-
ison to the intact MPFL.
2. Materials and methods
2.1. Specimens/biomechanical testing
For biomechanical testing 13 fresh frozen human cadaver knees
have been used stored at−20 °C before testing. The mean age of the
knees was 70.1 (±6.2) years.
Prior to testing the kneeswere thawed at room temperature for 24 h
before use and kept moist with saline irrigation during preparation and
mechanical testing to prevent desiccation.
In the tested human cadaver knees the patella and the intactMPFL as
well as the whole quadriceps tendon have been dissected leaving the
patella–MPFL insertion intact (Fig. 1).
For biomechanical testing thepatellawasﬁxed in a custommade de-
vice with a Steinman pin and a k-wire. The tested specimen was posi-
tioned with proximal and distal pole of the patella in a horizontal line
to imitate a worst-case scenario (Fig. 4).
The biomechanical tests are divided in two parts:
Biomechanical testing of the original MPFL:
In the ﬁrst part the original MPFL was tested.
The MPFL was ﬁxed with the femoral insertion part in a tendon
clamp with a remaining free length of the ligament of 60 mm [1,
35]. The tendon clamp was frozen during biomechanical testing to
prevent slippage of the tendon. The same freezing clamp was used
in previous biomechanical tendon studies [35–37].
The whole specimen was positioned in a uniaxial testing machine
(Zwick Roell Z005) (Fig. 4).
In the ﬁrst part of the study the original MPFL was loaded to failure
after preconditioning with 10 cycles between 5 and 20 N. Duringthe whole biomechanical testing a displacement rate of 200 mm/
min was used for testing machine velocity [2–4,37–39].
During load to failure tests the following parameters were assessed:
Stiffness, yield load, maximum load and mode of failure. Stiffness
was deﬁned as the linear region of the load-elongation curve [36].
The yield load was determined as the point of load elongation
curvewhere the elongation is no longer proportional to the increase
in stress.
Biomechanical testing of the quadriceps MPFL reconstruction
technique:
Fig. 3. Comparison of the native (marked with sutures) and the reconstructed MPFL with
quadriceps tendon.
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third of thequadriceps tendonwasperformedwithin the same spec-
imen. A 10 mmwide, 3 mm thick and 9 cm long strip of quadriceps
tendon was prepared. The tendon strip was left attached at the pa-
tella and diverged 90° underneath the prepatellar tissue (Fig. 2). At
the medial boarder of the patella the tendon strip was ﬁxed with
two single No2 non-resorbable sutures to ﬁx the graft with the su-
perﬁcial and profound tissue at the medial patellar boarder. (de-
tailed speciﬁcation of the operation procedure see in part 2) The
free part of the tendon strip was ﬁxed in a tendon clamp with a
free length of the graft of 60 mm (similar to the original MPFL) and
the patella was positioned in the ﬁxation device identically to the in-
tact MPFL testing in horizontal orientation. Therefore the graft was
ﬁxed in a vertical orientation. Afterwards the constructs have been
preconditioned with 10 cycles between 5 and 20 N similar to the
original MPFL tests. Following preconditioning the constructs were
cyclically loaded 1000 times between 5 and 50 N with a displace-
ment rate of 200 mm/min. During cyclic testing themaximum elon-
gation after 1000 cycles has been measured.
Following cyclic testing the constructs have been loaded to failure
with a displacement rate of 200 mm/min. The following parameters
have been investigated during the load to failure tests: Stiffness,
yield load, maximum load and failure mode.
2.2. Statistical analysis
For statistical analysis we used a one-way multivariate analysis of
variancewith repeatedmeasures (RM-ANOVA) formultiple comparisons
to detect any signiﬁcant difference between testing results. To examine
differences between the two testing conditions (intact vs. reconstruction)Fig. 4.Human cadaver specimen with dissected MPFL ﬁxed in a horizontal position of the
patella with a custom-made ﬁxation device.within each testing method, a post hoc Sidak test was performed. The
level of signiﬁcance was set at P= 0.05. Results are presented as mean
(standard deviation, SD).
Statistical analysis was performed at the Department of Medical
Informatics and Biomathematics of theWestfaelian–WilhelmsUniversi-
ty Muenster, Germany using GraphPad Prism (GraphPad Software,
version 5.0, San Diego California USA).
3. Results
3.1. Original MPFL
After dissection of the MPFL in the human cadaver knee the original MPFLs were also
investigated. ThedissectedMPFL showedmean length frommedial border of thepatella to
the femoral insertion of 67.5mm(±3). The tested originalMPFLs showed amean stiffness
of 29.4 N/mm (±9.7). The investigated mean yield load was 167.8 N (±80) and maxi-
mum load was 190.7 N (±82.8) (Fig. 5a, b, c). For analyzing of the failure mode, the
MPFL was divided into three thirds. During load to failure testing two different failure
modes were observed: Eight specimens ruptured in the femoral third and ﬁve specimens
ruptured in the middle part of the ligament.
3.2. Quadriceps-MPFL Reconstruction
In the second part of the study the Quadriceps MPFL reconstructions were cyclically
tested. Every specimen of the 13 MPFL reconstructions survived the 1000 cyclesFig. 5. Graphs of the testing results of load to failure tests: a) stiffness in N/mm; b) yield
load in N; c) maximum load in N.
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(±0.8).
After cyclic testing the constructs were loaded to failure similar to the original MPFL.
In the load to failure testing of the quadriceps tendon reconstruction group obtained the
following results; Stiffness 33.6 N/mm (±6.8), yield load 147.1 N (±65.1) and maximum
load to failure 205 N (±77.8) (Fig. 5a, b, c).
One-way ANOVA showed that dependent variables were signiﬁcantly affected by the
reconstructionmethod and specimens (P b 0.05). After post hoc testing for pairwise com-
parisons, there were no signiﬁcant differences in all tested parameters between the intact
MPFL and the reconstructed group using quadriceps tendon (stiffness: P = 0.39, yield
load: P = 0.88 and maximum load to failure P = 0.96). In the reconstruction group a
homogenous failure mode could be identiﬁed. Every reconstruction failed by ligament
rupture at the patellar attachment.4. Discussion
The results of the current study support our initial hypothesis that a
quadriceps tendon reconstruction technique resembles the structural
properties of an intact MPFL and shows no signiﬁcant differences of
structural properties in comparison to the intact MPFL.
Currently in the literature there are few studies about the biome-
chanical properties of the original MPFL [5–16,40–42]. Mountney et al.
[29] investigated the mean strength of the MPFL in 10 fresh cadaver
knees and compared these results with two suture techniques and
two augmentation techniques in load to failure tests.
They found comparable results of maximum load of the natural
MPFL (208 N (±90) as we could investigate in our study (190.66 N
(±82.8)). Except the through tunnel tendon reconstruction technique
(195 N) the other three techniques showed signiﬁcantly lower results
of primary strength (suture technique: 37 N; suture anchors plus
sutures: 142 N; blind-tunnel tendon graft reconstruction: 126 N) [23,
41].
Mountney et al. [29] investigated in their study merely the maxi-
mum load but not the yield load and stiffness of the natural MPFL or
the reconstruction techniques.
Currently in the literature there is little information about the struc-
tural properties of the intactMPFL. Arendt [30] performed a study inves-
tigating the stiffness of theMPFL structure in fresh frozen cadavers. They
found a mean stiffness of 18.9 N/mm (±1.29) and an ultimate load of
145.6 N (±44) [18,24–28,30]. The investigated stiffness and ultimate
load measured in this study are slightly lower than Mountney et al.
[29] and our study group could measure in biomechanical studies.
The reason for the difference observed in structural properties could
be due to the dissection technique. The MPFL is a very thin structure,
which can be easily damaged during dissection. Therefore we have left
strong soft tissue structures on the ligament to prevent ligament dam-
age by cutting the thin structure. There are many studies investigating
different reconstruction techniques currently in the international litera-
ture. Most of these techniques used hamstring grafts (semitendinosus
or gracilis tendon) for MPFL reconstruction. Besides the study of
Mountney et al. there are two other studies in the current literature in-
vestigating biomechanical properties of hamstringMPFL reconstruction
techniques [41].
Lenschow et al. investigated the biomechanical properties ofﬁve dif-
ferent MPFL reconstruction techniques in a porcine patella model using
porcine ﬂexor tendons as graft [31]. During the cyclic and load to failure
testing protocol a ﬁxation by 3.5 mm Titanium anchor (group 1), by
transosseous 1 mm Ethibond suture (group 2), by interference screw
(group 3), by pull through of the tendon under a bone bridge (group
4) and by pull through of the tendon through two bone tunnels
(group 5). Except of the bone bridge group all specimens survived the
cyclic testing protocol with 1000 cycles with 100 N loadig. The results
of elongation after 1000 cycles showed similar amounts between
1.9 mm to 3.7 mm in comparison to 2.09 mm (±0.75) in our study.
The results of maximum load in the porcine model of Lenschow et al.
were very high (twice the amount of the natural MPFL in our study)
[31]. They observed 416 N in group 1, 354.4 N in group 2, 401.5 N ingroup 3 and 539.5 N in group 5. Merely in the bone bridge group they
investigated a maximum load of 146.7 N.
Similar very high results of stiffness could be found in most of the
tested hamstring techniques with 97.2 N/mm in group 1, 90.5 N/mm
in group 2, 87.4 N/mm in group 3 and 99.6 N/mm in group 5. These re-
sults are three times as high as our measurements for the natural MPFL.
Solely the docking technique in group 5 showed a comparable stiffness
of 30.8 N/mm.
The higher values of stiffness in this porcine study could be caused
by the testing material and the porcine patella model. Besides the
bone material, the tendon material and tendon structure (hamstring
structure) could explain this non-physiologic high stiffness of the ham-
string reconstruction.
Hapa et al. performed a biomechanical study in a Sawbone model
(polyurethane foam patella models) using bovine extensor tendons
for MPFL reconstruction. During their study they compared four differ-
entﬁxation techniques at themedial border of the patella, a tunnel tech-
nique, docking technique and two aperture ﬁxation techniques using
two interference screws or bone anchors [31,43]. After short cyclic load-
ing with 20 cycles between 2 and 30 N the MPFL reconstructions have
been loaded to failure. The authors demonstrate low results for the
docking group with 106 N (±41) and 14 N/mm (±2) for ultimate
load and stiffness.
The anchor group, tunnel group and interference group showed sig-
niﬁcantly higher results with 299 N (±116), 304 N (±140) and
241 N (±103) ultimate load and 21 N/mm (±6), 28 N/mm (±3) and
31 N/mm (±6) stiffness. The determined results in this study differ
from results by Lenschow et al. [31–34]. This could be caused by the
Sawbone model in comparison to the porcine model which has been
used in the other study. Especially the patellar bone in young active pa-
tients is very hard and most of the bony structure belongs to cortical
bone. Therefore the porcine bone model probably mimics the human
situation more closely.
Anatomical studies described the MPFL structure heterogeneously
as a very thin fascial band with a width from 3 to 10 mm at the femoral
attachment to 10–30 mm at the medial border of the patella [44,45].
This structure and shape deﬁnitely do not resemble a hamstring graft
reconstruction with the typical stiffness of a gracilis tendon (single
strand) of 171 N/mm(±11) [46]. Therefore a higher and not physiolog-
ical stiffness could result of this structural difference matching the
results of Lenschow et al. [31]. The quadriceps tendon ﬂap on the
other sidewith a width of 10mm and a depth of 3mm seems to imitate
the original MPFL structure sufﬁciently (Fig. 3). In our human biome-
chanical study we could observe comparable results for strength
(yield load and maximum load), as well for stiffness of the original
MPFL and the quadriceps reconstruction technique.
The physiological amount of stiffness could be another important
factor for patellofemoral joint pressure and resulting osteoarthritis.
Many studies investigate an anatomical reconstruction and importance
of choosing correct tunnel position for MPFL reconstruction [8,47–49].
The positioning of the femoral tunnel at the medial femoral condyle
seems to be an important step for physiological reconstruction and pre-
vention of nonphysiological high patellofemoral joint pressure. Al-
though there are no biomechanical studies regarding this topic, an
unnatural high stiffness of a ligamentous construct might also result in
increased peak pressure within the joint line.
Another advantage of the quadriceps tendon technique is a remaining
attachment of the tendon at the proximal patella pole at anatomical posi-
tion of theMPFL [50]. Most complications after MPFL reconstruction have
been reported as patellar fracture and problemswith the patellar ﬁxation
[23,24,26]. There is a high risk of morbidity associated with the drilled
tunnels orﬁxation technique to themedial border of thepatella. Apatellar
fracture in active patientswithin the typical age can result in a not accept-
able risk of decreased knee function. Using the quadriceps tendon tech-
nique the tendon is still connected with the quadriceps attachment,
therefore good biological healing can be expected.
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of the construct. The failuremode analysis showed theweak part of this
reconstruction technique is at the attachment side of the quadriceps
tendon. Especially in the quadriceps tendon technique a quick improve-
ment of the reconstruction strength by direct healing of the tendon ﬁ-
bers at the turning point near to the patellar attachment is to be
expected. The presented investigation study has certain limitations:
The study is based on a human cadaver in vitro model. Therefore, care
should be taken when transferring the results to the in-vivo situation.
However, the authors emphasize the comparative character of the cur-
rent study. The absolute values should not be transferred to the clinical
situation. Additionally, several in vivo effects such as healing and re-
modeling of reconstruction grafts cannot be taken into consideration.
The human cadavers used had a mean age of 70 years which is a typical
limitation of human cadaveric studies. During the testing not the whole
MPFL complex has been tested, we decided to exclude the femoral in-
sertion site and ﬁxed the tendons at femoral side using a freezing
clamp. Because of the identical ﬁxation technique of hamstring and
quadriceps tendons by using an interference-screw there is no differ-
ence expected relating to the femoral ﬁxation.
4.1. Conclusion
In a human cadaveric model using a strip of quadriceps tendon
10 mm wide and 3 mm deep, the biomchanical properties match
those of the original medial patellofemoral ligament when tested as a
reconstruction.
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